Abstract Chemical vapor deposition has proved to be successful in producing graphene samples on silicon carbide (SiC) homogeneous at the centimeter scale in terms of Hall conductance quantization. Here we report on the realization of co-planar diffusive Al/ monolayer graphene/ Al junctions on the same graphene sheet, with separations between the electrodes down to 200 nm. Robust Josephson coupling, as the magnetic pattern of the critical current, has been measured for separations not larger than 300 nm. Transport properties are reproducible on different junctions and indicate that graphene on SiC substrates is a concrete candidate to provide scalability of hybrid Josephson graphene/superconductor devices.
Introduction
The remarkable electrical properties of graphene, induced by the chiral nature of its charge carriers, rises big expectations presently, of increasing functionalities in hybrid superconducting quantum devices. Josephson junctions in which the supercurrent flows through normal-conducting graphene across closely spaced Superconductors (S), have been realized up to now only with exfoliated graphene. Usually the graphene flakes are deposited on a Si/SiO 2 substrate [1, 2, 3, 4, 5, 6, 7, 8] .
Even if the achievements are for many respects spectacular at present, the goal of realizing whatever simple hybrid circuit with a number of these junctions on the same graphene sheet is a long way off, because of the severe limits imposed by the present fabrication protocols. Every junction will have its own properties (and story), with no chance of controlling the electrodynamics and its functionality, when engineering the full circuit.
In this work we propose to use Chemical Vapor Deposition (CVD) of graphene on large silicon carbide (SiC) areas, which does not require subsequent exfoliation. We report on the characteristics of the fabricated junctions, demonstrating that the high quality of the devices, patterned on a single graphene sheet, paves the way to finally taking on this limit, an utmost priority in view of any future application.
Graphene made by CVD on metals [9] and graphene on SiC cover large surfaces and are homogeneous at the centimetre scale. Thus relatively simple lithography processes allow to obtain thousands of devices on the same wafer [10] . The mobility of graphene grown by CVD on metals is mainly limited by defects introduced during the transfer process [11] , whereas the mobility of graphene on SiC is essentially controlled by the carrier concentration. In graphene on SiC, the mobility can reach µ ≈ 45, 000 cm 2 V −1 s −1 at T =2 K and at carrier concentrations 2 × 10 10 cm −2 [12] . This corresponds to a mean free path l ≈ 80 nm. Additionally, the quantum Hall effect of graphene on SiC is remarkably precise even at magnetic fields as low as B = 3.5 T [13, 14] , which makes graphene on SiC the material of choice for the next generation of easy-to-use quantum electrical standards. By combining Josephson arrays supporting relatively large magnetic fields and Hall bars made of graphene, complex metrological devices like quantum current standards could be designed on the same wafer [15, 16] . Besides, the interface and/or the surface of graphene on SiC can be modified. Various atomic species like oxygen, hydrogen, calcium, can be intercalated or deposited whereas it is well established that intercalated graphite or few layer graphene become superconductive [17, 18, 19] . Thus, CVD graphene on SiC is also a good platform to study graphene-based superconductivity [20] .
Sample Characterization and preparation
Graphene has been grown by propane-hydrogen CVD [23] on the Si face of a semi-insulating 0.24 o -off-axis 6H-SiC substrate purchased from TankeBlue, using conditions similar to those used in Ref. [24] . The growth is done in one minute, at a temperature of 1550
• C under a 800 mbar atmosphere made of argon, propane and hydrogen (3 slm argon, 10 slm hydrogen, 5 sccm propane). The substrate is then cleaved to obtain several samples of total size 6 mm × 6 mm. Fig. 1 resumes the structural characteristics of the graphene samples. Raman spectra, obtained after the growth, are reported in panel (a). For 98% of the surface, the integrated intensity of the G peak, normalized with respect to a graphite reference, is about 3.2%, see panel (b). This is very close to the experimental value reported for a graphene monolayer [21] . By contrast, bilayer graphene would yield about twice this intensity [21] . ARPES measurements, carried out on the Cassiopée beamline at the synchrotron radiation facility SOLEIL, reveals that the sample is a p-doped monolayer graphene, see panel(c). On a similar growth, magnetotransport measurements also revealed the half-integer quantum Hall effect specific to monolayer graphene [24] . The ARPES measurements are done under ultra-high vacuum, after an initial degassing performed at 500 o C. On the silicon-face of SiC, the graphene is usually n-doped, because of the presence of the so-called carbon-rich interface. Here, the p-doping is the experimental signature that this carbonrich interface has been neutralized and replaced by an hydrogenated interface between graphene and SiC [24] .
Van der Pauw and Hall measurements, done before lithography on the 6 mm × 6 mm sample, give a carrier concentration p ≈ 6.2 × 10 12 cm −2 and a mobility µ ≈ 1, 100 cm 2 ·V −1 ·s −1 at room temperature under ambient atmosphere. This corresponds to a sheet resis-tivity ρ = 920 Ω, with a form factor f = 0.9 which evidences a small anisotropy of conductivity linked to the SiC steps. The low mobility is typical for graphene on SiC which is not compensated. In principle, mobility higher by one order of magnitude can be obtained by an appropriate gating which would reduce the carrier concentration [12] . As both ARPES and Hall measurements give similar carrier concentration, the atmospheric contamination plays a minor role and is not the main source of doping, which is likely to be due to the interface.
The Josephson devices are fabricated by conventional e-beam lithography. The graphene junctions are patterned by oxygen plasma. Then, the contacts are deposited, see Fig. 1(d,e) . They consist of a 5 nm interfacial layer of titanium, a 80 nm thick aluminium layer and a 3 nm thick gold layer. The gaps L between the electrodes ranges from 200 nm to 600 nm. The width is fixed at W = 4 µm. A total of twelve junctions have been defined, with two orientations with respect to the substrate. The samples have been thermally anchored to the 3 He pot of a 3 He cryostat (Heliox VL Oxford Instruments) and four probes electrical measurements have been performed. The cryostat is equipped with a room temperature electromagnetic interference filter stage followed by low pass RC filters anchored at 1.5 K and by copper powder filters stage anchored at the sample stage [25] . Standard measurements of currentvoltage V (I) characteristics as a function of temperature and magnetic field along with R(T ) curves with a bias current of about 5 nA have been performed. In addition, conductance spectra dI/dV (V ) have been measured by superimposing a low amplitude (a few nA) sinusoidal signal with frequency of about 30 Hz to a triangular slow ramp, with a frequency of about 1 mHz, and by reading the response from the sample by using the lock-in technique.
Results
The temperature dependence of the resistance of four junctions is presented in Fig. 2(a) . There is a kink at about 1 K monitoring the transition to superconductivity of the Ti/Al contacts. The junction with L ≈ 600 nm (green curve), appears to be going insulating. Not even in the smallest junctions with L ≈ 200 nm (black curve) and L ≈ 300 nm (red curve) is the transition to the superconducting state complete above 280 mK. The precursory effects of the dissipationless conductance in these junctions will be discussed elsewhere. Here we show that, no matter that some residual resistance is present above 280 mK, these junctions attain phase coherence and Josephson conduction. Fig. 2(b) shows the corresponding V (I) characteristics taken at T = 280 mK for the four junctions presented in panel (a). The V (I) characteristic is practically ohmic for the junction with L ≈ 600 nm. A Josephson critical current I c ≈ 40 and 10 nA can be read off for the junctions with L ≈ 200 nm and 300 nm respectively. The small steps at finite voltage below the Ti/Al gap can be attributed to localized subgap states (see below). The mean free path of graphene on hydrogenated SiC is estimated to be ∼ 50 nm from room temperature measurements and the carrier density and mobility are only weakly modified from room temperature to liquid Helium temperature [26, 24] . Thus even the smallest of the junctions should be diffusive. Estimating the aluminium gap ∆ ≈ 100 µeV from conductance dI/dV (V ) measurements (see Fig.  4(a) ), we obtain a superconducting coherence length ξ 0 = hD/∆ ≈ 300-400 nm, where D is the diffusion constant. Hence our junctions with L ≤ 300 nm are in the crossover between the short and the long junction limit. A reduction of the Josephson critical current is expected in the long junction limit, as confirmed by the experiment. For the L ≈ 200 nm junction, the product eI c R N /∆ ≈ 0.09 is smaller than the theoretical estimate [27] eI c R N / ∆ ≈ 0.66 derived for junctions in which the Thouless energy ishD/L 2 ∼ ∆. This is the upper limit of the difference, since it is calculated for I c at T ≈ 0. One of the most direct evidence of a genuine Josephson coupling is provided by a modulation of I c with a magnetic field B which is applied perpendicularly to the substrate. The magnetic field dependence of the measured differential resistance for the L ≈ 300 nm junction is reported in Fig. 3(a) . Experimentally, there is also a one to one correspondence between the magnitude of the Josephson critical current and the small residual re- sistance. Consequently, a similar magnetic pattern is retrieved from the magnetic field dependence of dV /dI at I = 0, see panel (c). In panels (a,c), we have added for reference a conventional Fraunhofer interference curve:
where Φ 0 = hc/2e is the flux quantum. The one displayed here corresponds to an effective area S eff = 1.6 µm 2 . As the width of the junction is 4 µm and the length L ≈ 300 nm one could infer that the critical current density is homogeneous across the junction and that the physical area of the junction is involved, with the addition of some small penetration of the magnetic field in the Al/Ti contacts. However the sample, including the Al/Ti contacts, is a planar structure in the thin film limit and the field penetration in the Al/Ti contacts is expected to be large. In fact, a conventional Fraunhofer pattern only gives a qualitative envelope of a strongly oscillating pattern that is observed. Fig. 3, panel (b) is an enlargement of these low fields oscillations. They are quasi periodic, with a pseudoperiod of 1-3 Gauss which corresponds to a much larger effective area of ≈ 3 2 µm 2 . To account for a more extended flux penetration in the contacts, we have numerically calculated the macroscopic magnetic vector potential profile by solving the London equation, following a method originally employed by Rosenthal et al. [30, 31, 32] for planar junctions. The I c oscillations with the period of 3 Gauss and their enveloppe can be reproduced in this way by choosing a Pearl penetration length within the contacts λ = 1 µm and a non uniform critical current density across the junction. However, a macroscopic London picture is still not fully convincing as the aperiodicity of the fast oscillating pattern, the residual resistance (see Fig. 3(c) ) and some (fully reproducible) dependence on the sweeping of the applied magnetic field imply additional phenomena which cannot be accounted for within the macro-scopic Rosenthal model. Most likely, vortex pinning in the Al/Ti contacts takes also place, as many impurities and pinning centers are expected to diffuse in the contacts during the deposition process. The fast oscillations in the pattern could be due to a non-uniform critical current density distribution [33, 34] . A more detailed account on the magnetic field dependence of I c will be given elsewhere [35] .
When investigating the behavior of the Al/Ti contacts further, by monitoring the conductance measurements dI/dV (V ) for different temperatures reported in Fig. 4 , we can identify the Al/Ti gap, with a marked temperature dependence (panel (a)), and few subgap structures which give rise to the steps in the V (I) characteristics at finite voltage, see Fig. 2(b) . Temperature seems not to have any effect on these subgap structures, as shown in Fig. 4(b) . This rules out the possibility that they originate from multiple Andreev reflection (MAR) [3] . This can be explained by considering that the interfaces with the contacts are expected to be rather rough. Poor transmission between the metallic aluminium contacts and the underlying graphene layer, responsible for a sizeable contact resistance, has also been found in the case of diffusive graphene transistors [36] . Possible origin of the subgap resonances could be resonant tunneling via localized states or even edge states in the graphene barrier. This feature will be investigated further in the future.
Uncovering the structure of the Al/Ti contacts in these devices is of the utmost relevance. Graphene and the Ti/Al contacts have a large work function difference and graphene may become n-doped by charge transfer from the Al/Ti contact [37] . As graphene on the hydrogenated SiC interface is intrinsically p-doped, devices could be engineered in the form of n-p-n junctions. A Fabry-Pérot resonating transmission which has been found in perfect ballistic n-p-n junctions [38] can be ruled out here, as our junctions are diffusive and the interfaces with the contact have low transparency. Still, this may be improved, as the mobility of G/SiC is known to increase strongly when the carrier concentration decreases.
Conclusion
Looking from the point of view of the graphene community, efforts have been mostly driven towards the realization of samples achieving a) a ballistic transport regime to exploit the unique properties of Andreev reflection in graphene [39, 40, 28, 41] ; b) a more efficient control of charge density, with the possibility of reaching the neutrality point through electrostatic gate [42, 43] . The possible use of graphene junctions in real circuits is hindered, however, by the substantial limit of a technology that cannot produce a large number of junctions patterned on a single graphene flake with similar properties, thus controlling the electrodynamics and functionality of each of them, as well as of the global circuit.
This work demonstrates the Josephson conduction at subKelvin temperature, in various co-planar structures on one single monolayer of graphene and patterned Al superconducting contacts. Graphene is grown by CVD on SiC. The Josephson coherence appears to be highly reproducible, isotropic with respect to the substrate orientation and easily scalable with present standard lithographic techniques. These results have an immediate applicative impact opening up to a systematic comparative study where single constructive parameters of the graphene junctions can be selectively changed and barriers can be appropriately engineered.
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